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Particle production in Au + Au collisions at /syy = 11.5-200 GeV
using the HYDJET++ framework
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Using the HYDJET++ model, we study the production of multistrange particles (¢ and 2) in Au + Au
collisions at /syy = 11.5, 19.6, 27, 39, and 200 GeV as functions of transverse momentum and centrality.
The model calculations employ earlier freeze-out hypersurfaces for multistrange particle production and are
compared with STAR experimental data. Results indicate that the ++ model demonstrates a better agreement
with experimental data for multistrange particles at higher energies, particularly in relation to early thermal
freeze-out. Meanwhile, the default version performs more accurately for lighter, nonstrange particles at the same
energy scales. We also analyze identified particle and mixed particle ratios, providing insights into strangeness
enhancement. The results provide additional constraints on parton energy loss models, contributing to a more
precise determination of the transport properties of hot and dense QCD matter.
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I. INTRODUCTION

In high-energy relativistic nuclear collisions, extreme
temperatures (150-170 MeV) and energy densities (1-5
GeV/fm3) are achieved [1], which leads to the formation of
a free state of quarks and gluons known as the quark-gluon
plasma (QGP). As the system expands and cools, it transitions
back into hadronic matter, during which a large number of
secondary particles are produced. By analyzing these parti-
cles, deeper insights into the thermodynamic properties of the
system, like temperature, entropy density, energy density, and
particle multiplicity can be obtained [1]. Particularly, at lower
collision energies, these observables show distinctive changes
that reflect the system’s inability to sustain QGP formation
and reveal important information about the QCD phase di-
agram and the onset of deconfinement [2]. The QCD phase
diagram is typically represented as a temperature graph (7')
against baryon chemical potential (1p). wp plays an important
role, reflecting the abundance of baryons over antibaryons and
serving as a crucial statistical thermodynamic parameter con-
trolling the net baryon density of the hadronic fireball system.
A thermalized system of different 7 and up can be created in
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heavy-ion collisions by adjusting the collision energy (\/syn)
[2-7].

The BNL Relativistic Heavy Ion Collider (RHIC) imple-
mented an experimental initiative called Beam Energy Scan
(BES) to study the production and evolution of QGP at dif-
ferent beam energies and explore different phases of QGP
[2,3,7]. In such an experiment, the energy dependence of pr
spectra and ratios are crucial to understand the QGP forma-
tion [2]. The particle spectra provide significant information
about the system’s temperature and collective flow, reflecting
the dynamics of kinetic freeze-out. The Solenoidal Tracker
at RHIC (STAR) [8,9] and the Pioneering High Energy Nu-
clear Interaction eXperiment (PHENIX) [10,11] at the RHIC
experiments are designed to investigate relativistic nuclear
collisions using a broad range of probes, with a particular
emphasis on particles produced during the early stages of the
collision, especially (multi)strange hadrons [8,9].

In p+ p collisions [11] hard-scattered partons fragment
into jets of hadrons; these fragments are the primary source
of hadrons, typically above > 2GeV/c. These p + p colli-
sions serve as a crucial baseline for understanding nuclear
effects and strangeness enhancement in heavy-ion (A + A)
collisions [11].

Among the various messengers, strange hadrons, partic-
ularly the ¢ meson, serve as an excellent messenger for
exploring the QCD phase boundary and identifying the on-
set of deconfinement and critical phase conditions. It has
two important features: first, these productions and decay
resonances are affected by the Okubo-Zweig-lizuka (OZI)
rule [4,12]. This rule strongly suppresses ¢-meson decay
via three pions (¢ — 7+ 4+ 7~ + %) while it does not sup-
press decay via two kaons (¢ — K™ + K~ or¢p — K + KQ).
Kaon decay gives a significant contribution (i.e., through
the first decay process, 49%, and the second decay process,

Published by the American Physical Society


https://orcid.org/0000-0002-9107-1773
https://orcid.org/0000-0002-6292-7253
https://ror.org/04cdn2797
https://ror.org/00gmd7q80
https://crossmark.crossref.org/dialog/?doi=10.1103/5x7p-qk2l&domain=pdf&date_stamp=2026-07-27
https://doi.org/10.1103/5x7p-qk2l
https://creativecommons.org/licenses/by/4.0/

DEVI, NAYAK, AND SINGH

PHYSICAL REVIEW C 114, 014916 (2026)

TABLE 1. Centrality-dependent values of the number of participants ({Np.)) and the number of binary collisions ({(Ncu)), using
HYDIJET+4+ simulations for Au + Au collisions at /syy = 11.5—200GeV.

Energies (GeV) 11.5 19.6 27 39 200
Centrality (%) (Npart) (Ncoll) <Npart> <Ncoll> (Npart) (Ncoll) <Npart> <Ncoll> (Npan> (Ncoll)
0-10 306.7 669.3 307.4 683.4 308.5 700.6 310 726.3 346.3 1006
10-20 212.8 420.5 213.6 429.3 214.7 440.2 216.1 456.1 2239 562.9
20-30 145.4 257.8 146.2 263.4 147.0 269.8 148.2 279.6 155.1 345.1
30-40 95.20 148.6 95.80 151.8 96.51 155.6 97.50 161.3 103.3 199.1
40-60 46.35 59.27 46.84 60.70 47.28 62.18 47.96 64.49

60-80 12.05 11.08 12.20 11.32 12.37 11.60 12.63 12.03 14.25 14.97

34%) in ¢-meson decay, pion decay gives no significant
contribution (i.e., 8%) in ¢-meson decay, and other de-
cay is not substantial. Second, their cross section is small
for scattering with nonstrange hadrons during the hadronic
phase [4,12].

In previous studies [13-16], the HYDJET++ model has
been successfully utilized to describe strange-particle pro-
duction in the high-temperature and low-baryon chemical
potential regime, corresponding to ultrarelativistic collision
energies. Now, we are exploring the low-temperature and
high-baryon chemical potential regime, corresponding to
lower collision energies by using the HYDJET++ model.
This exploration provides new insights into the energy depen-
dence of particle production, strangeness enhancement, and
the QCD critical point through transverse momentum (pr)
spectra, average transverse momentum ({pr)), pr-spectra
ratios with respect to the system’s energies, and baryon-to-
meson and multistrange to single-strange hadron ratios.

The outline of this study is as follows. Section II provides
a brief description of the HYDJET + +model [13,15-24].
Section IIT A highlights the difference between the thermal
freeze-out Ty, used in HYDJET++ and Ty,’s extracted using
other methods like Tsallis, blast-wave, and exponential fits.
Section III B highlights the precise measurements of the pr
spectra and average (pr) for ¢ and Q hadrons. These results
are compared to the available STAR experiment data [9,25—
27], focusing on collisions at beam scan RHIC energies [25].
Section III C discusses the particle ratios in the RHIC Beam
Energy Scan, while Sec. IV provides a summary of our main
findings.

II. BRIEF INTRODUCTION TO THE HYDJET++ MODEL

The HYDJET++ model combines the soft and hard com-
ponents’ particle production, simultaneously allowing the
study of the dynamics of relativistic heavy-ion collisions
[20,22]. The soft component in HYDJET++ denotes a ther-
malized hadronic state, simulated through the multiparticle
hadron production using a fast Monte Carlo (MC) generator
[23,24]. This generator uses a parametrized relativistic hydro-
dynamics model that considers the chemical (7¢,) and thermal
(Tip) freeze-out hypersurfaces to explain the system’s evolu-
tion. At chemical freeze-out, hadrons are considered to be
in chemical equilibrium, which determines the final particle
composition. At thermal freeze-out, local thermal equilibrium

is considered, which determines the momentum distributions
of hadrons [28].

This stage involves statistical particle production from the
grand-canonical ensemble that incorporates thermodynamic
parameters such as 7, u, and system volume (V) and si-
multaneously includes treatment of collective flow effects to
account for the medium’s expansion. Here, the model assumes
longitudinal boost invariance and incorporates transverse ra-
dial flow, quantified by the maximum transverse flow rapidity
(™) [21]. These flow effects significantly influence the
shape of transverse momentum (pr) spectra, especially for
heavier particles, which receive a stronger boost during the
medium’s expansion.

On the other hand, the hard component in HYDJET++
involves generating multijets using a binomial distribution
inside the PYQUEN energy loss model [22]. The PYQUEN
model for single hard nucleon-nucleon subcollisions was de-
veloped as a modification of jet events produced by the
PYTHIA_6.4 [29] generator for hadron-hadron interactions
[20]. Following this, the final hadronization of hard partons
takes place according to the Lund string model [20]. The aver-
age number of jets produced in an AA collision is determined
by multiplying the binary NN collisions at a given impact
parameter with the integral cross section of the hard process in
NN collisions with a minimum transverse momentum transfer
(p‘}‘i“). The p‘}‘i" serves as the threshold separating soft particle
emission from hard scatterings associated with jet formation
effects [2,22].

The production of heavier hadrons (such as strange and
multistrange baryons) is more sensitive to the freeze-out tem-
perature due to their larger mass, requiring higher thermal
energy for their creation. In contrast, lighter hadrons (such as
pions) are more abundantly produced even at lower temper-
atures. Thus, the relative abundances and spectra of different
particle species carry imprints of the system’s temperature and
evolution.

This version of HYDJET++ is an extended adaptation of
the previous HYDJET++ implementation at energies avail-
able at the RHIC and the CERN Large Hadron Collider
[13,18], now tailored for Beam Energy Scan at energies
available at the RHIC. We have modified hadron-species-
dependent freeze-out parameters like Ty, Toh, and a phase-
space occupancy factor, y; [30], in the default HYDJET++
framework. These parameters were extracted by comparing
the pr— spectra of charged yields from modified model to
experimental data [2] and as also mentioned in Ref. [18]. The
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FIG. 1. The pr spectra of ¢ mesons using Tsallis distribution fit,
blast-wave fit, exponential fit, and HYDJET++ for central collisions
of Au + Au collisions at ,/syy = 39 GeV. The markers denote the
STAR experimental data [9], while the lines correspond to the results
obtained from different methods.

last parameter y; has been adjusted as a centrality-dependent
variable [25], as detailed in Sec. III. y; is introduced to account
for the potential nonequilibrium of strange quarks.

The geometrical parameters in HYDJET++, calculated
using the two-parameter Fermi (2-pF) form Monte Carlo-
Glauber model, show consistency with the experimental data

reported by the STAR Collaboration [2], where the number
of participating collisions ({Npar)) and the number of binary
collisions ({N.o)) are also obtained from Glauber calcula-
tions. In Table I, we present the correlation between (N.op)
and (Np,y) across various centrality classes (%), as obtained
from the geometrical output of the HYDJET++ model. Fur-
thermore, by comparing the pr spectra to experimental data
[2], we have adopted the same values of chemical parameters
(¥s» 4B, Ten) and the thermal parameter (Tg,) for RHIC beam
scan energies at 11.5, 19.6, 27, and 39 GeV from the STAR
experiment [2] and optimized all the same parameters for
RHIC beam energy at 200 GeV from Ref. [18]. In the STAR
experiment, these parameters were typically extracted through
statistical thermal model analyses with the thermus package
[31], using either the grand-canonical ensemble (GCE) or
the strangeness canonical ensemble (SCE). While the GCE is
suitable at higher energies with abundant strangeness, the SCE
is required at lower energies with limited strangeness produc-
tion. In this work we adopt the GCE approach parameters, as
the RHIC BES program spans a broad energy range.

III. RESULTS AND DISCUSSIONS

A. Freeze-out temperatures

The thermal freeze-out hypersurface determines the soft
hadroproduction in HYDJETH+; it is necessary to under-
stand the difference between Ty, used in HYDJET++ and
Tw’s extracted using other methods. One of the popular ways
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FIG. 2. Upper panels: The pr spectra of primary charged particles as a function of pr in Au + Au collisions at ,/syy = 11.5-200 GeV. The
lines represent HYDJET++- results while the markers represent STAR experimental data [9,25,27]. Lower panels: Ratios of model predictions
to experimental data for corresponding charged particles.
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FIG. 3. Upper panels: The pr spectra of ¢-mesons as a function of pr in Au + Au collisions at ,/syy = 11.5-200 GeV. The lines represent
HYDJET++ results while the markers represent STAR experimental data [9,25,27]. Lower panels: Ratios of model predictions to experimental
data for ¢ mesons.

to extract Ty, is to fit the data with a distribution like Tsallis or where g is the degeneracy, v is the volume, T is same as
by the blast-wave fit. A typical Tsallis distribution is given by T, and the nonextensive parameter g refers to the system’s
[32] deviation from thermalization (at ¢ = 1 it becomes Boltz-

2N mann’s distribution). It was reported in a previous study that

——— = gum [ — (¢ — 1)(mr coshy — n)/T], the value of g increases with increasing beam energy, which is
27 prdprdy

(2 )3

014916-4



PARTICLE PRODUCTION IN AU + AU COLLISIONS AT ...

PHYSICAL REVIEW C 114, 014916 (2026)

< 10 AutAu 11.5 GeV (a) 10F Au+Au 19.6 GeV (b) 10 AutAu 27 GeV (©)
g 1 1F 1
: L - —
‘\510*35 """ m--a. 1073F 1073 s
~ (o] <A
NE — o - = 3 NSRRI Q~
= .0 & AL Lt
= F o I:;\ C e @ “-A,;
S0 10°°F 10°F o
I e S B S T S S R
0 1 2 3 P, (GeV/c)
© 10F  AutAu39 GeV (d) Q
S 1F $ STAR 1.5
;% E — HYDJET+  $0-10%*1
_g.l-lo_:; '.'_ ........... 19 6 27 39 Ig1]10-60(%)/4
Nz == "% gl ’
s F “ A $0-10%*1 200
g F LA o Te B 610-20%/2 ?0-5%*1
510" AN 107 g <A
2 b & 1 B g £20-40%/4 420-40%/4
0 ) A 0 ) ' 3 £40-60%/8  £40-60%/8
p, (GeV/e) p. (GeV/c)
Au+Au 11.5 GeV (a) Au+Au 19.6 GeV (b) E AutAu 27 GeV (c)
10 10 A\ 10= Y
] = v AV A = v A\
E % ] a - A ] . v ; C v y l: % ‘ s
E 1 1_?‘ I_E‘J
S — =
s — ~
107" 107" IO_IE
||||||||||||||||||||| Ellllllilllllll |1|||||2|IIII3|,II
1.5
p, (GeVic) p, (GeVie) P, (GeVl/c)
= Au+Au 39 GeV (d) — AutAu 200 GeV (e) (9}
10 Y 10=
£ E vy s 19.6,27,39 115
E Frrgoe®®2 b - « a1 . bot0vs  *010%
z e Ev—* Y -10% 4 10-60%
s E = ¥1020% 200
10_IE IOIE 420_400/0 ’ 0-5%
Lovo e v v b o | cov v e v by | o 420-40
1 2 3 4 1 2 3 4 Y40-60% v 40-60
p, (GeV/ec) p, (GeVic)

FIG. 4. Upper panels: The pr spectra of 2~ baryons as a function of pr in Au + Au collisions at /syy = 11.5-200 GeV. The lines
represent HYDJET++ results while the markers represent STAR experimental data [9,26,27]. Lower panels: Ratios of model predictions to

experimental data for 2~ baryons.

concerning as the systems formed at high ,/syy are known to
thermalize due to high temperature and longer lifetime of the
QGP [32]. We have fitted the transverse momentum distribu-
tion of ¢ mesons using the Tsallis distribution in Fig. 1. The
resulting value of 7 was 184 MeV, much higher than the T,
value used in this work. This difference arises as HYDJET++

014916-5

assumes a fully thermal system while the Tsallis distribution
assumes a near-equilibrated system. In this work, we have
matched the pr data by simultaneously tuning the thermal
freeze-out temperature Ty, and the maximum transverse flow
rapidity pmax. These parameters are similar to the ones used in
the blast-wave fit. However, a key difference between these
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baryons.

two is that HYDJET++4 is a Monte Carlo event generator
rather than a fitting tool. Unlike the blast-wave model [33], the
HYDJET++ simulations include contributions from jets and
resonance decays, which affect the py spectra and the choice
of the T, parameter. Hence, the T, values used in this work
are different than the ones extracted from the blast-wave fit

from the corresponding paper [2].

B. Transverse momentum spectra (py) and mean pr ({pr))

From Fig. 2, the pr spectra exhibit the expected inverse
slope hierarchy (r < K < p). The yields of charged pions,
kaons, and antiprotons decrease with decreasing collision
energy, whereas the proton yield is highest at 11.5 GeV,
indicating the largest baryon density (baryon chemical po-

tential) at midrapidity at this energy, consistent with both
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experimental data [2] and our framework. A recent
HYDIJET++ study by Nayak et al. [34] has addressed light
charged particle production at RHIC BES energies. In this
work, we provide a systematic description within the same
framework, showing that the HYDJET4+ baseline reason-
ably reproduces the overall spectral shapes and magnitudes,
thereby establishing a reliable basis for the study of multi-
strange particle production. The transverse momentum spectra
of the multistrange particles are significant observables, since
they provide essential information about the equilibrium dy-
namics and isotropy of the system in high-energy collisions.
These calculations give the information that the production of
¢ and 2 supports the fact that jet production is suppressed
in events where one or more strange particles are produced
[13,16].

Figures 3-5 present the transverse momentum spectra of
the ¢ mesons and €2 baryons obtained in comparison with the
STAR experimental data [9,25-27]. The solid line represents a
constant fit applied to the model-to-data ratio. The figures also
present the model-to-data ratios, which indicate the level of
agreement between the HYDJET++ predictions and the ex-
perimental results. The HYDJETH-4- calculations describe the
data well in the central collision at energies higher than those
of the peripheral collisions and lower energies. Figures 4
and 5 show more deviation of the model-to-data ratios from
unity towards peripheral events. The uncertainty is higher
for © baryons than the ¢ mesons, which strongly supports
the flavor-dependence particle production at lower energies.
These spectra also reveal a significant difference in the invari-
ant yield values for particles and the corresponding antipar-
ticles [35]. This difference increases with decreasing energy
(y/sww) (or increasing wp) and is larger for the baryons. This
also implies that particles and antiparticles are no longer
consistent with the matter-antimatter symmetry towards lower
energy that was observed at ,/syy = 200 GeV [35].

Figure 6 presents the mean (pr) of both particles at RHIC
BES energies and the available experimental results [9,36].
Figure 6(a) presents that the results of the particles ¢ at RHIC
BES energies match well within the uncertainty range for
central collisions and higher energies. In contrast, Figure 6(b)
shows that the HYDJET++ predictions for €2 baryons at
RHIC BES energies overpredict the experimental data across
all collision centralities and energies. This discrepancy indi-
cates limitations of the HYDJET-++4- framework in describing
baryon production in the RHIC BES energy regime. The
freeze-out conditions appear to be more accurately tuned for
mesons like ¢ than for baryons like €2, leading to the observed
discrepancies. Additionally, the model is also less sensitive to
certain mechanisms, such as baryon coalescence which carries
more weight for multistrange baryons like €2 [18,37].

C. Particle ratio

Figures 7-10 present the particle yield ratios (in
terms of energy ratios) and different particle ratios,
NIQ™(@D)1/IN@)), N )/N(©Q7), N[(Q)/N(K ), and
N(Q™ + §+) /[2N(¢)], as a function of pr and compare them
with the available experimental data [27,38] for most cen-
tral collisions from Au + Au collisions at ,/syy = 11.5-200
GeV. Figure 7 presents the particle yield ratios at 19.6, 27,
39, and 200 GeV to 11.5 GeV and shows a suppression of
particle production with flavor towards high- to low-energy
systems while showing an enhancement of particle production
as a function of pr. Figure 8 presents the baryon-to-meson
[N(27)/N(K™)] and meson-to-meson [N (¢)/N(K~)] ratios.
These results show different shapes of particle py distribu-
tions at low and intermediate pr in central collisions, which
indicates that the number of quarks is the main factor and
baryons are suppressed more than mesons. Expanding on this,
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FIG. 7. Particle yield ratios (in term of energy ratios) as a function of pr in Au+ Au collisions at ,/syy = 11.5-200 GeV. The solid

markers represent HYDJET++- results.

Fig. 9 shows that the N(Q2™ + §+)/[N(¢>)] ratios in central
(0-10%) Au + Au collisions at /syy = 11.5-200 GeV ex-
hibit a consistent qualitative increase with pr displaying an
approximately linear trend similar to the STAR experiment re-
sults [27]. However, the model systematically overpredicts the
experimental values, particularly at lower collision energies.
This overprediction may arise from the model’s treatment
of strangeness enhancement, where the parametrization of
strange quark production in the soft component may not
adequately reflect the reduced partonic collectivity and in-
complete thermalization at lower energy. Furthermore, Fig. 10
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FIG. 8. Particle ratios N(¢)/N(K™) (represents by open mark-
ers) and N(27)/N(K™) (represents by solid markers) as a function
of pr in Au + Au collisions at ,/syy = 11.5-200 GeV.

presents the ratio of antiparticle to particle (F/B) at /syy =
11.5-200 GeV. A variation with energy supports that the
matter-antimatter symmetry does not hold at lower energies.
At lower energies, the ratio tends to be less than 1, which
supports the notion that antiparticle production is less than
particle production. This trend is consistent with experimental
results for the RHIC beam scan energy [9]. This property of
antiparticle/particle ratios is qualitatively well described in the
statistical model [34,39].
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FIG. 9. Baryon-to-meson ratio N(2~ + a )/[2N(¢)] as a func-
tion of p7 in Au+ Au collisions at ,/syy = 11.5-200 GeV. The
open markers represent HYDJET++ results and the solid markers
represent STAR experimental data [27].
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tion of pr in Au+ Au collisions at /syy = 11.5-200 GeV. The
solid markers represent HYDJET++ results.

IV. CONCLUSION

In conclusion, our study demonstrates that the simulated
bulk properties using the HYDJET++ model are sensitive
to the choice of input parameters. Details of the analysis
method for ¢ mesons and Q2 baryons are presented. This
study demonstates the dependence of multistrange particle
production on energy, (Npart), and (Ncon), and reports the dif-
ferences in freeze-out temperatures between HYDJET++ and
other thermal extraction methods. Additionally, results on pr
spectra, (pr), particle yield ratios (relative to 11.5 GeV ener-
gies) as a function of pr, and particle ratios for five collision
systems are presented. By comparing the model predictions
with the experimental data, we assess the model performance
in describing the multistrange particle production mechanism
at RHIC Beam Energy Scan. The transverse momentum (pr)
spectra illustrate a clear hardening with increasing collision
energy, and noticeable deviations are observed for the ¢ and
Q2 particles, especially at lower collision energies. This be-
havior may be due to the stronger collective flow at higher
energies. At the same time, these discrepancies suggest certain
limitations of the current model implementation in describing
multistrange particle production over the full energy range.
The increasing discrepancy at lower ,/syy may be attributed
to several factors. First, the reduced parton energy loss at

lower energies can weaken the jet-medium interaction effects
incorporated in the model. Second, the assumption of boost
invariance used in the HYDJET++ framework may become
less valid in the low-energy regime, where longitudinal dy-
namics are more complex. Third, stronger baryon chemical
potential effects at low ,/syy can influence the production
of strange and multistrange hadrons in ways that are not
fully captured by the model. Therefore, the present results
should be interpreted as providing a qualitative description
of the observed trends rather than a complete understanding
of the multistrange particle production mechanism across all
collision energies. It also suggests ¢ achieves the thermal res-
onance equilibrium while €2 does not achieve equilibrium due
to heavier mass with less hadronic interaction. Additionally,
in calculations of particle yield ratios (relative to 11.5-GeV
energies) of multistrange hadrons at low to intermediate pr
in central collisions, we have found a stronger dependence of
the pr shape in ¢ and Q" than in Q- towards 19.6/11.5 to
200/11.5 energy ratios. Following this, the baryon-to-meson
and meson-to-meson ratios show the suppression of strange-
quark production in 11.5 GeV compared to /syy = 19.6
GeV. These features suggest that there is likely a change in the
underlying strange-quark dynamics in the bulk QCD matter
responsible for €2 and ¢ production. Our measurements point
to collision energies below 19.6 GeV for further investiga-
tion of a possible transition from partonic dominant matter
(/sny > 19.6 GeV) to hadronic dominant matter (/syy <
11.5 GeV). We also see that the ratios are closer to the
value of one towards 200 GeV, reflecting the approach to
baryon-antibaryon symmetry at midrapidity as the collision
energy increases. Furthermore, by analyzing the pr spectra
and particle ratio patterns across various beam energies, we
can provide more comprehensive insights into the evolution of
the QGP medium and the mechanisms governing multistrange
particle production in heavy-ion collisions. These findings
not only enhance our understanding of strangeness dynamics
in a baryon-rich QCD region but also serve as a valuable
reference for selecting optimal model parameters in future
beam-energy-dependent studies.
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